The biochemical basis for most of the morphological changes associated with apoptosis can be traced directly or indirectly to the actions of caspases, a family of intracellular cysteine proteases that function as effectors of programmed cell death (1, 2) . Much of the recent progress toward mapping pathways for caspase activation has come from evaluations of normal dividing cells or established tumor lines, where obtaining large numbers of cells for biochemical analysis or transferring genes for functional analysis is readily possible. But, do all types of animal cells contain the same wiring instructions when it comes to connecting steps in cell suicide pathways? Researchers studying cell death in the heart are beginning to probe this question, and they are finding some surprises.
Adult cardiac myocytes are terminally differentiated, postreplicative cells whose intimate connections to each other are needed for establishing harmony of electrical conduction and contractile function. The cytosol of these highly specialized cells and their close counterparts within skeletal muscle contains probably the highest density of mitochondria of any tissues, making them unique. Hints that programmed cell death involving muscle cells may occur by routes that differ at least morphologically from other cells have come from studies of intersegmental muscle cell deaths that occur during metamorphosis of the moth, Manduca sexta (3). Moreover, cardiomyocytes do not exhibit the classical nuclear morphology associated with apoptosis in other tissues, even though DNA fragmentation occurs, which often is accepted as a sign of apoptosis (4, 5) . It remains unknown whether these differences in morphology reflect fundamentally unique cell suicide programs versus tissue-specific differences in the repertoire of caspases or caspase substrates expressed in muscle cells, such as DFF45 and CIDE family proteins that release associated endonucleases on caspase cleavage (6, 7) .
One of the events commonly associated with apoptosis involves the participation of mitochondria as caspase activators (8) . Mitochondria release cytochrome c (Cyt c) into the cytosol, where it binds to and induces oligomerization of Apaf-1 (9-11), a mammalian homologue of the Caenorhabditis elegans cell death protein CED-4 (12) . Once activated by Cyt c, oligomerized Apaf-1 then binds pro-caspase-9, resulting in pro-caspase-9 proteolytic self-processing and activation, followed by caspase-9-mediated cleavage and activation of procaspase-3 (13). Active caspase-3 then both directly participates as a terminal effector of apoptosis by cleaving various substrate proteins and also activates additional pro-caspases.
Evidence suggesting a potential difference in the way apoptosis pathways are regulated in adult cardiomyocytes is presented in this issue of the Proceedings by Nurula et al. (14) , who studied human heart specimens derived from patients undergoing heart transplantation for ischemic or idiopathicdilated cardiomyopathy. Similar to previous studies (15, 16) , these investigators observed occasional cardiomyocytes within diseased hearts that displayed evidence of DNA fragmentation by in situ end-labeling (i.e., terminal deoxynucleotidyltransferase-mediated UTP nick end labeling) and gross nuclear morphological changes consistent with an apoptosis-like process. However, although only occasional cells exhibited obvious signs of deterioration, Cyt c release from mitochondria and proteolytic processing of pro-caspase-3 were readily detectable by immunoblot analysis of tissue extracts, implying that mitochondrial permeability barrier function and caspase activation had occurred in a substantial proportion of the cells within these diseased hearts. Moreover, most of the PKC␦, a known substrate of caspase-3 (17), was proteolytically processed, further suggesting a wide-scale activation of caspases that could not be limited to a few cells. Furthermore, immunoelectron microscopy revealed redistribution of Cyt c from mitochondria to cytosol in cardiomyopathy specimens but not healthy hearts derived from accident victims. The majority of these same cells with cytosolic Cyt c, however, had no evidence of the ultrastructural changes typically associated with caspase activation and apoptosis.
Interrogating the pathobiochemical events associated with cardiomyopathy in humans is difficult, given the delays typically involved during the postharvesting period. Thus, interpretation of any results derived from human heart specimens comes with caveats. Assuming, however, that Cyt c release and caspase-3 processing did occur in vivo, the question is why do the vast majority of these cardiomyocytes appear morphologically normal without evidence of apoptosis?
Several examples of postmitochondrial blocks to apoptosis have been delineated recently that might account for the observations of Narula et al. (14) (Fig. 1) . For example, some IAP (inhibitor of apoptosis protein) family proteins have been reported to directly inhibit caspase-3 and certain caspases downstream of Cyt c (18) (19) (20) . Though Narula et al. found evidence of processed caspase-3 in heart extracts, protease activity was not measured, thus it is possible that active caspase-3 was sequestered in a complex with IAP-family proteins. In addition, caspases may be inactivated by Snitrosylation of their active site cysteine residues (21, 22) , a reasonable possibility given that patients with ischemic cardiomyopathy often are treated with nitroglycerin or related nitrates. However, the concomitant presence in heart extracts of a processed caspase-3 substrate, PKC␦, argues otherwise.
Proteolytic processing of pro-caspase-3 can occur as a postlysis artifact in some tissues (23) , which raises issues about the in vivo status of caspase-3 in failing hearts, but does not explain why cardiomyocytes seemingly tolerate cytosolic Cyt c (14) . Several ways of preventing Cyt-c-induced caspase activation have been demonstrated (Fig. 1) . For example, phosphorylation of human pro-caspase-9 can suppress Cyt-c-induced processing of pro-caspase-9 and inhibit active caspase-9 (24). Among the kinases involved in this phosphorylation is Akt (PKB), which is implicated in cell survival signaling by various growth factor receptors via the phosphatidylinositol 3Ј kinase pathway (25) . In addition, an isoform of pro-caspase-9 produced through alternative mRNA splicing is found in some tissues. The shorter pro-caspase-9S protein retains the Nterminal CARD domain required for interacting with Apaf-1, PNAS is available online at www.pnas.org.
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but lacks a region required for catalytic activity, functioning as a transdominant competitor of the full-length pro-caspase-9 protein (26, 27) . Another way to create resistance to Cyt c may be to sequester pro-caspase-9 in noncytosolic compartments. Procaspase-9 resides predominantly inside mitochondria in some tissues in vivo, including cardiomyocytes, skeletal muscle, and neurons, becoming released during apoptosis (28, 29) . Thus, to the extent that pro-caspase-9 is unavailable in the cytosol because of mitochondrial sequestration, cells could be rendered insensitive to the presence of cytosolic Cyt c, given that pro-caspase-9 is the only caspase presently known to be a target of Apaf-1. Conceivably, postreplicative cells such as adult cardiomyocytes and differentiated neurons might have developed mechanisms for intramitochondrial sequestration of pro-caspase-9 as a way of reducing chances of apoptosis caused by inappropriate activation of Apaf-1 through non-Cyt c-dependent mechanisms or through Apaf-1-independent activation of pro-caspase-9 by cytosolic proteins such as Bcl-10 (mammalian E10) (30), a CARD-domain protein that binds and triggers activation of pro-caspase-9 when overexpressed in cell (31) . Though uncertain as to its relevance, small proportions of total cellular pro-caspase-2 and pro-caspase-3 also reportedly reside in the intermembrane space of mitochondria, undergoing release into the cytosol during mitochondrial stress (29, 32) .
A simple method of creating postmitochondrial resistance to Cyt c-mediated caspase activation is simply to not express Apaf-1, as has been suggested recently for skeletal muscle (33) . But, what if Apaf-1 is present? Some Bcl-2 family antiapoptotic proteins may bind Apaf-1 and inhibit its function. For example, Bcl-X L reportedly forms complexes with Apaf-1 and may inhibit Apaf-1-mediated processing of pro-caspase-9, analogously to the C. elegans proteins CED-9 (Bcl-2 homolog) and CED-4 (Apaf-1 homolog) (34) (35) (36) (37) . Moreover, the Bcl-2 family member Boo͞Diva also binds Apaf-1, and in some contexts may suppress apoptosis while in others promoting cell death (38, 39) . Although it has been difficult to show evidence that Bcl-2 interacts with Apaf-1, in some circumstances overexpression of Bcl-2 nevertheless prevents caspase activation induced by microinjection of Cyt c (40, 41) . In a cell-free system lacking mitochondria, addition of Bcl-2 protein also reportedly increased the threshold amount of Cyt c required to trigger caspase activation (42) . Thus, suppression of Apaf-1 by antiapoptotic Bcl-2 family proteins could conceivably explain why cardiomyocytes of patients with end-stage heart failure seemingly tolerate Cyt c in their cytosol.
Bcl-2 and Bcl-X L also inhibit Cyt c release from mitochondria, thus accounting for much of their antiapoptotic effects in cells (8, 43, 44) (Fig. 1) . This function of Bcl-2 and Bcl-X L is caspase independent and may be related to their structural similarity to certain pore-forming proteins that are known to exist in both soluble and membrane-inserted conformations (8, 45, 46) . Interestingly, though Cyt c was reportedly found largely in the cytosol of cardiomyocytes of heart failure patients by Narula et al. (14) , transmission electron microscopy analysis suggested that the mitochondria were normal from a ultrastructural standpoint. One must presume, therefore, that Cyt c release occurred through a change in outer membrane permeability of these organelles, and not as a result of the phenomenon of permeability transition (PT) where loss of inner membrane integrity results in mitochondrial swelling and secondary release of Cyt c and other proteins located in the intermembrane space caused by outer membrane rupture (8, 47) . Elevations in cytosolic Ca 2ϩ often associated with ischemia-impaired myocardium therefore are unlikely to explain the release of Cyt c, because Ca 2ϩ -induced release of Cyt c from isolated heart mitochondria involves PT induction (48) . However, Ca 2ϩ -induced release of Cyt c from isolated brain mitochondria can occur without PT induction or swelling (49) , making it difficult to exclude similar mechanisms in heart failure. Bax, a proapoptotic Bcl-2 family member, also can induce Cyt c release from isolated mitochondria through a swelling-independent mechanism (50). This observation may be relevant because Bax elevations in cardiomyocytes have been associated with heart failure in animal models (51, 52) .
If much of the Cyt c were lost in vivo from the mitochondria of cardiomyocytes of patients with heart failure (14), thus causing a cessation in electron chain transport and oxidative phosphorylation, one must ask how do the cells continue to produce sufficient ATP for meeting their obliged contractile function and avoiding necrosis? Examples of Cyt c release from mitochondria in the absence of cell death have been achieved experimentally by using caspase-inhibitory compounds (53, 54) . The implication therefore is that if the downstream consequences of Cyt c can be suppressed, then cell types that produce sufficient ATP through glycolysis can survive for several days, despite dumping most of their Cyt c into the cytosol.
What other factors might explain the presence of processed caspase-3 in cells that are not undergoing apoptosis? Overexpression of heat shock protein-70 kDa (Hsp70) has been reported to suppress apoptosis at a point downstream of caspase-3 activation (55). Interestingly, up-regulation of Hsp70 levels is associated with ischemic preconditioning in the heart and forced overexpression of Hsp70 is cytoprotective in car-FIG. 1. Postmitochondrial regulation of apoptosis. Mitochondria have been reported to sequester and release several proteins implicated in apoptosis, including Cyt c, pro-caspases-2, -3, and -9, and AIF, a flavoprotein that induces DNA degradation and other manifestations of nuclear apoptosis (60) . Several steps within the Cyt c pathway may be subject to suppression by anti-apoptotic proteins (red).
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Proc. Natl. Acad. Sci. USA 96 (1999) diomyocytes (56) . Moreover, overexpression of certain cochaperones such as BAG-1, a Hsp70 binding protein, prevents apoptosis in some circumstances (57, 58) . Finally, ATP depletion could explain the absence of nuclear manifestations of apoptosis despite Cyt c release in cardiomyopathy specimens. The activation of pro-caspase-9 by Cyt c and Apaf-1 depends on ATP or dATP, which binds Apaf-1 and plays an essential cofactor role (11) . ATP also may be required for other steps of apoptosis downstream of caspase activation, because apoptotic nuclear changes can be inhibited by ATP depletion (59) . In this regard, it is formally possible that the Cyt c release and caspase-3 processing seen by Narula et al. using resected hearts from patients with cardiomyopathy but not healthy controls reflects more rapid ex vivo deterioration in the former, with periharvest or postharvest ischemia causing ATP depletion in cardiomyocytes and thereby stymieing the occurrence of a full apoptotic program.
In summary, multiple mechanisms for forestalling apoptosis downstream of mitochondrial release of apoptogenic proteins, particularly Cyt c, have been elucidated recently. Further investigations are required for determining the relative importance of these postmitochondrial mechanisms for preventing cell death in vivo within various contexts, including heart failure.
